Angiopoietin-2 (Ang2) appears to be a naturally occurring antagonist of the endothelial receptor tyrosine kinase Tie2, an important regulator of vascular stability. Destabilization of the endothelium by Ang2 is believed to potentiate the actions of proangiogenic growth factors. To investigate the specific role of Ang2 in the adult vasculature, we generated a nuclease-resistant RNA aptamer that binds and inhibits Ang2 but not the related Tie2 agonist, angiopoietin-1. Local delivery of this aptamer but not a partially scrambled mutant aptamer inhibited basic fibroblast growth factormediated neovascularization in the rat corneal micropocket angiogenesis assay. These in vivo data directly demonstrate that a specific inhibitor of Ang2 can act as an antiangiogenic agent.
A ngiogenesis, the growth of new blood vessels from existing ones, is regulated at multiple steps by interactions between pro-and antiangiogenic factors. During early angiogenesis, endothelial cells proliferate, migrate, and form tubular structures. In subsequent stages of angiogenesis, neovessels undergo vascular maturation, a process that appears to be regulated by the endothelial transmembrane receptor tyrosine kinase, Tie2 (1, 2) . Tie2 is unique among receptor tyrosine kinases in that its extracellular ligands, the angiopoietins, seem to have opposing actions on endothelial cells despite sharing Ϸ60% amino acid sequence identity (3) . Angiopoietin-1 (Ang1) is an activating ligand that induces phosphorylation of Tie2 (4) and promotes endothelial cell survival and vascular impermeability (5) (6) (7) (8) (9) . Tie2 is activated in the quiescent adult endothelium, an effect that is likely mediated by Ang1 (10, 11) . In contrast, angiopoietin-2 (Ang2) appears to be a naturally occurring Tie2 antagonist that is expressed only at sites of active angiogenesis, such as the ovary (3) and vascularized tumors (12) . Destabilization of the endothelium by Ang2 is believed to potentiate the actions of proangiogenic growth factors such as vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF). In support of this model, exogenous Ang2 has been demonstrated to increase pupillary membrane angiogenesis in the presence of VEGF and to induce regression if VEGF is inhibited in neonatal rats (13) . In addition, exogenous Ang2 enhanced VEGFmediated corneal neovascularization (14) , and ectopic overexpression of Ang2 in cancer cell lines produced larger, more vascular tumors in mice (15, 16) .
To investigate the specific role of Ang2 in the adult vasculature, we used an iterative in vitro selection strategy (SELEX, systematic evolution of ligands by exponential enrichment) to generate nuclease-resistant RNA ligands (aptamers) that bind Ang2 with high affinity. To enhance the specificity of the Ang2 selection, RNAs that could bind to recombinant human Ang1 were discarded (negative selection) before rounds of positive selection for RNAs that could bind to recombinant human Ang2 (Fig. 1) . Using this approach, we identified aptamers that selectively bind and inhibit Ang2 activity in vitro. Moreover, we have demonstrated that such aptamers can inhibit angiogenesis in vivo, by using a well characterized, quantitative model of angiogenesis, the rat corneal micropocket angiogenesis assay (17) .
Methods

Systematic Evolution of Ligands by Exponential Enrichment (SELEX).
A random pool of RNA oligonucleotides of sequence 5Ј-GGGAGGACGATGCGG-N 40 -CAGACGACTCGCTGAG-GATCCGAGA-3Ј (where N 40 represents 40 random nucleotides with equimolar 2Ј-hydroxy-ATP, 2Ј-hydroxy-GTP, 2Ј-fluoro-CTP, and 2Ј-fluoro-UTP content) was generated as described (18) . For ''positive'' selection, RNA was incubated with recombinant human Ang2 (R&D Systems) for 15 min at 37°C in a selection buffer with ionic composition similar to extracellular vascular fluid (20 mM Hepes, pH 7.4͞150 mM NaCl͞2 mM CaCl 2 ͞0.01% BSA). RNAs that bound Ang2 were isolated by vacuum filtration through a 0.45-m nitrocellulose membrane (Schleicher and Shuell). Bound RNAs were recovered and amplified, and the process was repeated as described (18) with modifications. For ''negative'' selection, we incubated RNA with recombinant human Ang1* (provided by G. Yancopoulos, Regeneron Pharmaceuticals, Tarrytown, NY). RNAs that bound Ang1* were removed by filtration through a 0.45-m nitrocellulose centrifugal filter (Schleicher and Shuell) followed by phenol-chloroform extraction of the filtrate to remove residual Ang1*. Successive rounds of selection were performed with decreasing concentrations of Ang2 and increasing concentrations of Ang1*. After round 11, selected RNAs were reversetranscribed, amplified, cloned, and sequenced as described (18) .
Abbreviations: Ang1, angiopoietin 1; Ang2, angiopoietin 2; VEGF, vascular endothelial growth factor; bFGF, basic fibroblast growth factor. ¶ To whom correspondence should be addressed. E-mail: b.sullenger@cgct.duke.edu. Binding Affinity Assays. RNA-protein equilibrium dissociation constants (K d ) were determined by the double-filter nitrocellulose-filter binding method as described (19) with modifications (18, 20) . Direct binding assays were performed by incubating 32 P-labeled RNA (Ͻ0.1 nM) with a range of protein concentrations in selection buffer at 37°C. Competition binding assays were performed by incubating 32 P-labeled 11-1 RNA (Ͻ0.1 nM), 10 nM Ang2 protein, and the indicated concentrations of unlabeled competitor RNA. The fraction of bound RNA was quantified and corrected for nonspecific background binding to the nitrocellulose filter as described (19) . The K d of the competitor RNA was estimated to be equivalent to its 50% inhibitory concentration (IC 50 ) as described (20) . K d were reported as the mean and 95% confidence interval (CI) of three experiments.
Oligonucleotide Synthesis. Small-scale synthesis of full-length RNAs was performed by in vitro transcription of synthetic DNA templates and purification by denaturing gel electrophoresis as described (18) . Truncated RNAs were synthesized with an inverted 3Ј deoxythymidine cap for exonuclease protection, gel-purified, and deprotected (Dharmacon Research, Lafayette, CO). Rat Corneal Pocket Assay. Animal experiments were performed according to protocols approved by the Duke University Institutional Animal Care and Use Committee. The rat corneal micropocket assay was performed as described (22) with modifications. Briefly, sustained-release pellets were prepared the day before surgery by combining a solution of recombinant human bFGF (R&D Systems), sucrose octasulfate aluminum complex (sucralfate, Sigma), and RNA in selection buffer without BSA with an equal volume of 12% (wt͞vol) Hydron polymer (poly2-hydroxylethylmethacrylate, Sigma), such that each dried pellet contained 50 ng bFGF, 15 g sucralfate, and 120 pmol RNA.
Female Fischer 344 rats (8-10 weeks of age; Charles River Breeding Laboratories) were anesthetized, and superficial corneal micropockets were surgically created in both eyes. Hydron pellets containing 11-1.41 RNA were inserted into left-sided pockets, and pellets containing Scramble RNA were inserted into right-sided pockets. In total, 31 pellets were successfully implanted into one or both corneas of 19 rats. On the sixth postoperative day, animals were anesthetized and administered 300 units of heparin via tail vein injection. The thoracic aorta was cannulated with PE 100 tubing, and 10 cc Higgins waterproof India ink was injected (Sanford, Bellwood, IL). After enucleation, the eyes were fixed in 10% neutralized buffered formaldehyde for 24 h, then the corneas were dissected and mounted onto slides.
Corneal images were captured and analyzed by using Scion IMAGE software (Scion, Frederick, MD) by an investigator who was blinded to the treatment assignment. Four corneas with evidence of nonincisional corneal trauma or nonhealing of the surgical incision were excluded, leaving 27 corneas (16 control and 11 treatment) for analysis. Length of the longest neovascular sprout, the average length of six vessels evenly distributed across the neovascular arc, and total neovascular area were measured. Statistical significance was determined by the Student's t test.
Results
Isolation of an RNA Aptamer That Binds Ang2 with High Affinity and
Specificity. We used an iterative in vitro selection strategy to select from a large (Ͼ10 14 molecules) combinatorial library, nucleaseresistant RNAs that bind Ang2 but not Ang1*, a genetically modified version of Ang1 that retains its biological activity (3). Over successive rounds of positive selection for Ang2 and negative selection against Ang1*, the affinity of the RNA pool for Ang2 increased while the affinity for Ang1* remained low (data not shown). We cloned and sequenced amplification products from round 11 of selection ( Table 1 ). The majority of RNA sequences from these rounds could be grouped into families that shared one of two conserved motifs: 5Ј-CAUCAGCUCAUG-3Ј (family A) or 5Ј-CACGUUGAAC-3Ј (family B). All RNAs assayed from these two families bound Ang2 with similarly high affinity in direct binding assays (K d ϭ 3-10 nM). Furthermore, RNAs from family A and family B cross-competed for binding to Ang2, suggesting that these Ang2. To allow for efficient chemical synthesis, full-length aptamers (Ͼ80 nt) must be shortened ideally to fewer than Ϸ50 nt. Application of an RNA-folding algorithm (23) to aptamer 11-1 suggested a common stem-loop structure that incorporated the conserved sequence motif, when the folding was constrained based on covariation analysis of the RNA sequences in family A (24) . A 41-nt truncate of aptamer 11-1 (11-1.41), corresponding to the possible secondary structure ( Fig. 2A) , bound to Ang2 with a K d of 2.2 nM (95% CI 1.3-3.8 nM), similar to the full-length aptamer (Fig. 2B) . Scrambling the six nucleotides that comprise the terminal loop of 11-1.41 completely disrupted its ability to bind Ang2, and this RNA (Scramble) served as a negative control for 11-1.41 in cell-based and in vivo assays.
11-1.41 Inhibits Binding of Ang2
Activity in Cell Culture. Ang2 does not induce tyrosine phosphorylation of Tie2 in endothelial cells. However, it is capable of inducing Tie2 phosphorylation when Tie2 is ectopically expressed in nonendothelial cell lines (3). The exact mechanism of this seemingly paradoxical activity of Ang2 has not been elucidated, but it provides an assay with which to test effects of the aptamer on Ang2 function. We treated 293-hTie2 cells with Ang2 or Ang1 in the presence or absence of a molar excess of RNA (Fig. 3) . A 5-fold excess of 11-1.41 RNA completely inhibited the activation of Tie2 by Ang2, whereas Scramble RNA had no effect. A 10-fold excess of 11-1.41 RNA did not inhibit the activation of Tie2 by Ang1, demonstrating the functional specificity of this aptamer for Ang2. Although the site of aptamer binding to Ang2 is unknown, the ability of this aptamer to inhibit the activation of Tie2 by Ang2 in cell culture suggests that its binding interferes with ligand oligomerization and͞or receptor binding. Negative selection against Ang1*, which contains the first 73 aa of Ang2, may have provided the additional benefit of driving the selection away from the functionally less important signal peptide region of Ang2 and toward the more important coiled-coil and fibrinogen-like domains, which mediate ligand oligomerization and receptor binding, respectively (25).
11-1.41 Inhibits bFGF-Induced Corneal Angiogenesis in Rats.
We used the rat corneal micropocket assay to examine the effect of inhibiting endogenous Ang2 in the presence of other growth factors, as occurs in most cases of physiological and pathological angiogenesis. Although the angiopoietins alone do not promote angiogenesis in the mouse corneal micropocket model, Ang2 enhances the angiogenic effects of VEGF (14) . We used bFGF rather than VEGF, as bFGF is a more potent stimulator of angiogenesis than is VEGF in the rat cornea, through a process that likely involves VEGF (26) . Moreover, the 11-1.41 aptamer and the control Scramble RNA bound equally poorly to bFGF (K d Ϸ 100 nM). We inserted slow-release pellets containing bFGF and either 11-1.41 or Scramble RNA into bilateral corneal micropockets. Pellet sizes and pellet-limbus distances were similar between treatments (data not shown). Of the 10 animals in which bilateral pellets were implanted, average neovascular length was decreased by Ͼ30% in six of the corneas treated with the 11-1.41 aptamer and in only one of the corneas treated with the Scramble control aptamer (Fig. 4A ). In addition, we compared neovascularization between treatment groups in the 27 unpaired corneas. Despite variability between animals, neovascularization was reduced by up to 40% in the 11-1.41 aptamer treated group. Longest vessel length ( Fig. 4B ; P ϭ 0.02) and average vessel length ( Fig. 4C ; P ϭ 0.03) were significantly shorter in corneas treated with 11-1.41, and a similar trend was observed for vascular area ( Fig. 4D ; P ϭ 0.07), indicating that the Ang2 aptamer can impede angiogenesis in vivo.
Discussion
Multiple steps are required for the formation of a functional blood vessel, and numerous factors have been identified that regulate this complex process. The endothelial transmembrane receptor tyrosine kinase Tie2 is essential for normal embryonic vascular development (1, 2). Tie2's extracellular ligands, the angiopoietins, play opposite roles in vascular development (3, 5) , but their roles in the adult vasculature remain unclear. Studies demonstrating expression of Ang1 in the quiescent vasculature and Ang2 at sites of active tumor angiogenesis suggest that Ang2 may promote angiogenesis by destabilizing the mature endothelium (15, (27) (28) (29) (30) . This hypothesis is supported further by overexpression studies in which Ang2 enhanced tumor angiogenesis and͞or growth while Ang1 inhibited it (15, 16, 31) . Inhibition of Tie2 with soluble receptor has been shown to inhibit tumor angiogenesis, growth, and metastasis (32) (33) (34) . However, soluble receptor studies do not distinguish between the actions of Ang1 and Ang2, as both ligands are inhibited by this strategy, and evidence exists that Ang2 does not act simply as a dominant negative inhibitor of Ang1 (3, 35, 36) . Studies in which administration of exogenous Ang1 has enhanced neovascularization (14, 37) indicate that Ang1 can also be proangiogenic in the adult vasculature. These seemingly contradictory results suggest that Ang1 and Ang2 are context-dependent modulators of angiogenesis and highlight the importance of targeting these factors in an appropriate spatial and temporal context.
With the explosion of genomics and proteomics, families of proteins such as the angiopoietins will likely become even more extensive, and specific tools with which to dissect their precise roles in vivo will become even more important. Systematic evolution of ligands by exponential enrichment (SELEX) and other iterative in vitro selection strategies using combinatorial libraries provide powerful techniques through which reagents with desired properties can be ''made-to-order.'' To clarify the role of Ang2 in vivo, we generated an aptamer (11-1.41) that binds with high affinity to Ang2 and with Ͼ200-fold specificity for Ang2 over Ang1*. Local delivery of a single dose of 11.1-41 RNA significantly inhibited bFGF-mediated corneal neovascularization. This effect should only be enhanced by the optimization of this aptamer for in vivo applications. For instance, modification of 11-1.41 with 2Ј-fluoro-pyrimidines and addition of the 3Ј inverted nucleotide cap improve resistance to degradation by plasma nucleases (38, 39) , but the truncated aptamer's small size (Ϸ13 kDa) allows rapid tissue diffusion and renal clearance (40, 41) . Therefore, modifications such as attachment of polyethylene glycol or liposomes, which enhance aptamer bioavailability, will likely enhance the aptamer's efficacy for both local and systemic applications in relevant disease models. Further, the highly specific nature of aptamers renders them quite capable of discriminating between protein homologs from different species (20) . Therefore, the affinity of the human Ang2 aptamer for nonhuman Ang2 may be less than its affinity for human Ang2, and its efficacy in humans may be underestimated by its efficacy in rodent models.
These data join growing evidence that Ang2 is proangiogenic but are the first to directly demonstrate that specific inhibition of Ang2 is antiangiogenic. This aptamer not only validates Ang2 as a target for other inhibition strategies but may also be adapted itself as a therapeutic agent. Like monoclonal antibodies, many of which have successfully entered the clinical realm, aptamers bind their targets with high affinity and specificity, and the attachment of fluorescent, radioactive, or other functional groups may expand the repertoire of potential applications for these versatile molecules (42) . However, unlike monoclonal antibodies, oligonucleotides are intrinsically poor antigens, and they are amenable to large-scale chemical synthesis. A small but growing number of aptamers have now progressed to animal and͞or human studies. A DNA aptamer against thrombin has been successfully substituted for heparin in a canine cardiopulmonary bypass model (43) . A DNA aptamer against plateletderived growth factor has been used to inhibit intimal hyperplasia in a rat carotid injury model (44) and matrix protein accumulation in a rat model of proliferative glomerulonephritis (45) . Both DNA and nuclease-resistant RNA aptamers against human L-selectin have been shown to inhibit human lymphocyte trafficking in severe combined immunodeficient (SCID) mice (46, 47) . The most progress has been made with a polyethylene glycol-conjugated version of a nuclease-resistant RNA aptamer against VEGF, which has now shown promising results in both preclinical and clinical studies for the exudative form of agerelated macular degeneration (41, 48, 49) .
Clinical trials of antiangiogenesis therapy for cancer have revealed that tumor regression is uncommon when antiangiogenic agents are used as monotherapy (50) . Tumors express a wide array of proangiogenic molecules that may compensate for each other if only one is blocked (51) . Furthermore, there is considerable angiogenic heterogeneity among individuals, between tumors, and even within single tumors (52) (53) (54) (55) . Therefore, the Ang2 aptamer described here also represents a promising lead compound for use in an aptamer ''mixture'' that block multiple proangiogenic targets, which may be a more effective approach for the treatment of the many malignant and benign disorders associated with pathological angiogenesis.
